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Abstract 
The bremsstrahlung X-ray spectrum in high-energy, high-intensity X-ray cargo inspection systems is attenuated and modified by 
cargo materials depending on the cargo atomic number (Z). Spectroscopy of transmitted x rays is thus useful to measure the 
approximate Z of the cargo. Due to the broad features of the energy spectrum, excellent energy resolution is not required. Such 
"Z-Spectroscopy" (Z-SPEC) is possible at low enough count rates. A statistical approach, Z-SCAN (Z-determination by 
Statistical Count-rate ANalysis), can also be used, complementing Z-SPEC at high count rates. Both approaches require fast X-
ray detectors and fast digitizers. Z-SPEC, in particular, benefits from very fast scintillators, in order to avoid signal pile-up. 
Preferentially, Z-SPEC, Z-SCAN and cargo imaging are implemented in a single detector array to reduce system cost, weight, 
and complexity. To preserve good spatial resolution of the imaging subsystem, dense scintillators are required. 
Previously, we studied ZnO, BaF2 and PbWO4, as well as suitable photo-detectors, read-out electronics and digitizers. ZnO is not 
suitable because it self-absorbs its scintillation light. BaF2 emits in the UV, either requiring fast wavelength shifters or UV-
sensitive solid state read-out devices, and it also has a long decay time component. PbWO4 is currently the most attractive choice 
because it does not have these problems, but it is significantly slower and has low light output. There is thus a need for alternative 
fast high-density scintillators that emit visible light. Alternatively, there is a need for a fast solid-state read-out device that is 
sensitive to UV light for use with BaF2, or other UV-emitting scintillators. Here, we present results of tests performed with 
PbWO4 crystals, reflector materials and silicon photomultipliers. 
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1. Introduction 
Two goals for the X-ray inspection of cargo and vehicles are the ability to determine the type of material that is 
being imaged, and to do so at low radiation dose.  One commonly used technique to determine the effective Z of the 
cargo is dual-energy imaging, i.e. imaging with two different X-ray energy spectra.  Another technique is based on 
the fact that the transmitted X-ray spectrum itself also depends on the effective Z of the cargo.  Such Z-Spectroscopy 
(Z-SPEC) is possible (Stevenson et al., 2010, Sinha et al. 2013), but difficult because the energy of individual x rays 
needs to be measured in a very high count-rate environment, since typical linear-accelerator-based X-ray sources 
emit X-rays in large but short bursts. It is possible to design linear accelerator X-ray sources with higher duty factor 
and with X-ray intensity modulation in order to reduce the X-ray instantaneous count rate, while maintaining 
effective cargo imaging (Condron et al., 2010, Clayton et al., 2014). If the instantaneous count rate is still too high, a 
statistical technique called Z-SCAN can be used (Langeveld, Condron et al. 2011 and 2013). For cost and simplicity 
reasons, it is desirable to combine Z-SPEC, Z-SCAN as well as radiographic imaging into a single linear detector 
array, see also Langeveld, Gozani et al. (2013). Radiographic imaging, in turn, requires high spatial resolution, 
which results in a requirement for high-density X-ray detectors to assure sufficient stopping power in a small form 
factor. 
A Z-SPEC detector thus requires fast, high-density scintillators with energy resolution less than ~50% at 1 MeV, fast 
photo-detectors, and fast electronics (preamplifiers and digitizers). 
During previous research, Sinha et al. (2013) concluded that lead tungstate (PbWO4) is possible candidate; Since 
PbWO4 has low light output, one needs photo-detectors with some gain, such as Avalanche Photodiodes (APDs) or 
Silicon Photomultipliers (SiPM) to overcome electronics noise. SiPMs are also referred to as Solid-State 
Photomultipliers (SSPMs) or Multi-Pixel Photon Counters (MPPC) by some manufacturers. 
In section 2 we discuss measurements with PbWO4 and a photomultiplier tube to test various reflector materials. 
In section 3 we report on tests using PbWO4 with SiPMs. 
 
 
 
Nomenclature 
APD Avalanche Photodiode – a solid-state photo-sensitive diode operated in reverse-bias mode near breakdown 
voltage, resulting in a current of multiple photo-electrons per incident photon. 
COTS Commercial Off-The-Shelf 
MPPC Multi-Pixel Photon Counter (see SiPM) 
PMT Photomultiplier Tube 
SiPM Silicon Photomultiplier – a solid state device consisting of a 2D array of small APDs 
SSPM Solid-State Photomultiplier (see SiPM) 
Z Atomic number 
Z-SCAN Z-determination by Statistical Count-rate ANalysis – a statistical technique to obtain Z information from 
detector signals measured during high-energy X-ray radiography 
Z-SPEC Transmitted X-ray spectroscopy – a technique to determine the atomic number of the X-rayed material 
through the change in shape of the X-ray energy spectrum during high-energy X-ray radiography 
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Fig. 1. 6 u 6 u 25 mm PbWO4 crystals used in the tests, with assigned ID codes. 
2. Scintillators and reflector materials 
PbWO4 crystals were obtained from EPIC Crystal (http://www.epic-crystal.com), a Chinese company based in 
Shanghai. The material is sourced from SICCAS High Technology Corporation (http://www.siccas.com), a Chinese 
manufacturer of scintillators associated with the Shanghai Institute of Ceramics, Chinese Academy of Sciences 
(SICCAS, http://english.sic.cas.cn/). SICCAS was a primary supplier of lead tungstate for the CMS detector at the 
CERN LHC (see, e.g., Diemoz  2007).  
The dimensions of the crystals were 6 u 6 u 25 mm3 (see Fig. 1). This size was chosen as a trade-off between 
light collection efficiency, stopping power and spatial resolution. In large quantities, PbWO4 is not very expensive 
(~$40-$50 at the time of writing for the sizes used here, depending on quantity and surface treatment). About 1000 
detectors would be needed for a typical mobile detection system. Three different surface treatments were explored: 
all faces polished (crystals 610 and 620), all faces ground except the polished photo-detector face (615 and 625), and 
all faces polished except the ground face opposite the photo-detector (611 and 621). Three wrap-around reflector 
materials were explored: Gore® DRP Diffuse Reflector Product (W. L. Gore & Associates, http://www.gore.com), 
Teflon® tape (trademark by DuPont, see also http://www2.dupont.com/Teflon_Industrial/en_US/teflon_tape.html) 
and Tyvek® (DuPont, http://www2.dupont.com/Tyvek/en_US/). There are several varieties of Tyvek, and there are 
significant reflectivity differences between them (Stoll 1996). The thicker Tyvek varieties that are used to make 
envelopes and clothing tags tend to have the best reflectance, in our past experience. 
 
 
Fig. 2. Detector housings manufactured by Labsphere, Inc.. 
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In addition, detector housings accommodating 16 detectors per module were manufactured out of Spectralon® 
and Spectraflect®-coated aluminum by Labsphere, Inc. (www.labsphere.com), see Fig. 2. The Spectralon housings 
were made by machining two parts and gluing them together (Spectralon cannot be extruded). Both standard 
Spectralon and BaSO4-doped Spectralon parts were made, the latter having slightly better reflectivity of the 
relatively thin walls between detector channels. In production, they are estimated to cost around $10-$15 per 
detector channel, depending on quantity. Spectraflect-coated aluminum housings are more labor-intensive and thus 
would be more expensive in production.  
Simulations were performed of these PbWO4 crystals and their surface treatments, combined with different 
reflector materials. Geant4 was used with accurate simulations of the various reflector material properties (Janecek, 
2012). The simulation results suggest that Spectralon should be much better than Tyvek or Gore, which is not 
surprising since Spectralon has much higher reflectivity. Tyvek and Gore are found to be very similar to one 
another; they mostly differ in reflection angular dependence (Janecek, 2012). 
In the simulations, the best surface treatment was found to be one side ground (the side away from the photo-
detector), the others polished. The explanation for this result is that a ground surface acts more like a Lambertian 
reflector and reflects more light perpendicular to the surface. In the case of a ground surface away from the photo-
detector, the reflection is thus more intense in the direction of the photo-detector. This also destroys the mechanism 
for light trapping, where certain light ray trajectories will undergo total internal reflection at every scintillator 
surface, until the light is absorbed. 
 
 
Fig. 3. Setup and spectra measured with an all-polished PbWO4 crystal and a 228Th source with various reflectors and optical greases. 
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Fig. 4. Spectralon enclosure, setup, and 60Co and 228Th spectra comparing Spectralon with Tyvek wrapping. 
We measured spectra using crystals with different surfaces and reflectors, attached to a Hamamatsu 6610 
photomultiplier tube and irradiated with a 228Th gamma-ray source. In one measurement, we used a PbWO4 crystal 
which had all sides polished, and used Teflon, Gore or Tyvek reflectors. We tried Rexon RX-688 and Dow-Corning 
Q2-3067 optical greases to couple the scintillator to the PMT. We also tried a liquid with a refractive index of 1.7, 
but this did not work well in our geometry, since the liquid did not stay in place. The results are shown in Fig. 3: in 
these tests, Tyvek had slightly better reflectivity than Gore, and Gore was slightly better than Teflon tape. We saw 
no substantial differences between the two optical greases (which have similar refractive indices). 
We next tested a standard Spectralon enclosure vs. Tyvek wrapping with an all-polished crystal. In Fig. 4 we 
show background-subtracted 60Co and 228Th spectra of the same PbWO4 crystal in this configuration. We concluded 
that Spectralon performs better than Tyvek, but we did not see as large of a difference as one might have expected 
from the simulations. This is likely due to the fact that the Spectralon walls between adjacent detector channels were 
much thinner (~1.5 mm) than recommended by Labsphere for full reflectivity (5-7 mm for standard Spectralon). The 
simulation assumed full reflectivity. The BaSO4-doped Spectralon housing should have better reflectivity for thin 
structures, but worse for thicker structures (according to the Labsphere Material Guide). Tests with this housing, 
however, did not reveal a significant improvement, see later in this paper. 
Fig. 5 shows background-subtracted spectra from a crystal inside a Spectralon housing subjected to gamma rays 
from 137Cs, 60Co and 228Th sources. One can see the different energy dependences of the spectra, but the energy 
resolution is poor (no individual gamma peaks are seen). This is expected for PbWO4 because of its low intrinsic 
light output, of about 300 optical photons/MeV at room temperature. For Z-SPEC this is probably sufficient, since 
the interesting X-ray energy range is ~1 to 9 MeV. 
As pointed out by Danevich et al. (2004), PbWO4 is slightly radioactive. The reason is that natural lead (except 
for so-called “archeological” or “ancient” lead) contains trace amounts of 210Pb, which is produced naturally in the 
238U decay chain. The decay of 210Pb proceeds as follows: 
210Pb → 210Bi + e– , with half-life 22.2 years; 
210Bi → 210Po + e– , with half-life 5 days; 
210Po → 206Pb + α , with half-life 138.4 days. 
The electron from the 210Bi β-decay has a maximum energy of Q = 1.16 MeV. The energy of 210Po α is 
5.35 MeV, but the α/β ratio for PbWO4 is about 0.21 at 5.35 MeV (Danevich 2004). Therefore, the α peak shows up 
in the spectrum at about 1.2 MeV. This makes calibration and testing of lead tungstate scintillators easier. A 
background spectrum is shown in Fig. 6. We further note that the peak attributed by Sinha et al. (2013) to 40K is 
instead due to the 210Po α peak. 
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Fig. 5. Spectra using a standard Spectralon housing using sources with different gamma-ray energies, with estimated spectral end-point energies. 
 
Fig. 6. Background spectrum using PbWO4 in a Spectralon housing. The background seen is due to natural radioactivity of the 210Pb lead isotope 
that is present in trace amounts in the scintillator material. 
Using this intrinsic radiation background, we compared different crystal surface treatments: all faces polished; 
one face (away from the PMT) ground; and all faces ground except the face coupled to the PMT. The detector was 
mounted inside the standard Spectralon housing and coupled to the PMT with Dow Corning Q2-3067 optical grease. 
All faces polished seemed to perform best, but the differences between crystals are small, see Fig. 7. These results 
can be affected by different optical coupling, different geometry and the quality of the detector assembly process. 
We further compared the different Labsphere housings. One housing was made from standard Spectralon, 
another from Spectralon doped with BaSO4, and the third housing was made from aluminum with Spectraflect 
coating. As mentioned before, we found no significant reflective differences between standard and BaSO4-doped 
Spectralon, see Fig. 8. Aluminum with Spectraflect has slightly worse reflectivity than Spectralon, but about the 
210Bi Betas 
210Po Alphas 
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same as wrapping the crystal with Tyvek. Aluminum has the advantage of being opaque, whereas Spectralon is 
somewhat transparent given the thin walls, which can lead to some optical crosstalk in a detector array. The 
aluminum housings themselves might be easier to manufacture by making extrusions and cutting them at various 
angles. On the other hand, coating with Spectraflect is more expensive because it is labor-intensive. We also found 
that Spectraflect may be susceptible to flaking off. We raised this issue with Labsphere, and were told that this is not 
usual, and that problem could likely be resolved. 
 
Fig. 7. PbWO4 background spectra with standard Spectralon housing, with different crystal surface treatments. 
 
Fig. 8. Comparison of different housings made by Labsphere. 
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Fig. 9. Left: SensL SiPM and three Hamamatsu MPPCs.  Right: Mini-Circuits  preamp. 
3. Scintillator optical readout using SiPMs 
We next performed measurements with solid state read-out devices. In one setup we used a SensL B-Series 
MicroFB 30035 3x3 mm2 Silicon Photo-Multiplier. It has 4774 35-μm square pixels, and was mounted on 
prototyping board (Fig. 9-left). It has two outputs, a fast output with low gain (about 4.3 x 104) and a slower output 
with high gain (~3 x 106). We used the fast low-gain output in combination with a COTS Mini-Circuits preamplifier, 
model ZFL-500LN-BNC+ (Fig. 9-right).  
In another setup, we used Hamamatsu S12572-050P Multi-Pixel Photon Counters (MMPCs). These have only a 
single high-gain output. We tried using these with an in-house modified preamplifier, with the Mini-Circuits 
preamplifier, and directly coupled to a fast oscilloscope. We found that in all cases the signals from these devices 
were much slower than the intrinsic decay time of PbWO4, even with a very low-value terminating resistor, which 
resulted in faster response but a smaller signal with a higher electronics noise level. We therefore did not pursue this 
setup further, although it should be noted that Hamamatsu has various other MPPC offerings that could be explored.  
We used the SensL setup with the Mini-Circuits preamplifier with an all-faces-polished crystal wrapped in 
Tyvek, at room temperature. An Agilent DSO 7054B digital storage oscilloscope was used to read out individual 
triggered scope traces across the network. Typical signals were very fast (Fig. 10a) consistent with the known 
PbWO4 decay time, which is very fast (< 1 ns) for Cerenkov light and about 8 ns for scintillation light. By 
integrating a region of 15 ns around the signal (vertical lines in Fig. 10a), we were able to see individual peaks for 
different numbers of detected optical photons (Fig. 10b). From this, we established linear behavior up to nine optical 
photons (Fig. 10c). Thus, we concluded that the peak at 1.2 MeV has about 14 optical photons at its centroid. With 
an optical photon detection efficiency of 31% (according to the SensL data sheet for this SiPM) and a light 
collection efficiency of 33% (from simulations with Tyvek and all sides polished), this leads to an estimated 
intrinsic scintillation light yield of about 110 photons/MeV. Because the simulation assumed a photo-detector area 
spanning the full 6 u 6 mm2 face of the crystal, but the actual SiPM is much smaller, additional losses are likely to 
have occurred. In sum, the observed light yield is not inconsistent with the reported light yield of PbWO4 of ~300 
photons/MeV. 
Using the same setup, we took spectra with several radioactive sources, again at room temperature. Generally, the 
setup works well: we see clear differences between the 137Cs, 60Co and 232Th spectra (Fig. 11-left). But the noise is 
higher than with a PMT, roughly equivalent in energy to 0.7 MeV gamma-rays. This might be sufficiently low for 
use as Z-SPEC detectors when used with 6 or 9 MV X-ray generators, since the X-ray energy range of interest is 1 
to 9 MeV. To reduce the noise, the detector was cooled with a thermoelectric cooling device. The cooling did not 
reduce, the noise very much, although the signal from the PbWO4 was slightly higher (as is mentioned in the 
literature). We note, however, that our cooling setup was far from ideal. Other possible remedies for the high noise 
could be explored, such as using a different bias voltage, or using different SiPM devices. 
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Fig. 10 (a) Typical fast signal from photonic noise or Cerenkov light. (b) Composite spectrum taken with a variety of signal thresholds showing 
individual optical photon peaks. The first peak corresponds to the pedestal (i.e., zero photons). The horizontal scale has arbitrary units. (c) 
Linearity of integrated signal vs. number of optical photons. 
 
Fig. 11 Left: PbWO4 spectra of various radioactive sources using a SensL SiPM. Right: PbWO4 spectrum obtained using the SensL setup and the 
activated water source.  
(a) 
(b) 
(c) 
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We also irradiated the detector with a neutron-activated water source. In this source, a volume of water is 
irradiated with neutrons from a 14.1 MeV deuterium-tritium neutron generator. Some of the oxygen nuclei are 
excited by the neutrons, in the following activation chain: 16O(n, p)16N,  16N→16O' + e–, 16O'→16O + 6.1-MeV γ-ray. 
The final 6.1 MeV gamma ray is released with a 7.4-second half life. This is sufficient time to allow pumping the 
water to a counting station that is shielded from the neutrons emitted by the generator. The detector is then directed 
at the still-active water. Fig. 11-right shows that the spectrum extends to the expected high energies. In this Figure, 
we have roughly calibrated the horizontal scale using the background 210Po peak, measured with the neutron 
generator turned off. 
4. Summary 
The best possible X-ray system would use direct spectroscopy of the transmitted x rays (Z-SPEC). This is not 
always possible due to the high X-ray count rate. A secondary technique, such as Z-SCAN, can be used when the 
count rate is too high. To optimize the system for maximum use of X-ray spectroscopy, one needs fast (collimated) 
detectors and fast readout electronics; a high duty-cycle X-ray source with intensity-modulation; and image 
processing and segmentation in order to apply Z-SPEC and Z-SCAN to entire objects instead of just individual 
pixels. For best results, very fast, dense scintillators and fast electronics are required. In the work presented above, 
we have shown that lead tungstate is feasible for this purpose with a SensL SiPM, using its fast low-gain output. But 
faster scintillators, with higher light output and/or higher energy resolution are desirable, and SiPMs or MPPCs with 
capabilities similar to that of the SensL SiPM with lower noise and lower cost would be preferred.  
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